Highlights d During evolution, the cavefish P. andruzzii has lost photoreactivation DNA repair d Only P. andruzzii and placental mammals are known to lack photoreactivation d The D-box enhancer coordinates DNA repair in response to ROS, UV, and visible light d Loss of D-box function in P. andruzzii underlies the lack of photoreactivation SUMMARY How the environment shapes the function and evolution of DNA repair systems is poorly understood. In a comparative study using zebrafish and the Somalian blind cavefish, Phreatichthys andruzzii, we reveal that during evolution for millions of years in continuous darkness, photoreactivation DNA repair function has been lost in P. andruzzii. We demonstrate that this loss results in part from loss-of-function mutations in pivotal DNA-repair genes. Specifically, C-terminal truncations in P. andruzzii DASH and 6-4 photolyase render these proteins predominantly cytoplasmic, with consequent loss in their functionality. In addition, we reveal a general absence of light-, UV-, and ROS-induced expression of P. andruzzii DNA-repair genes. This results from a loss of function of the D-box enhancer element, which coordinates and enhances DNA repair in response to sunlight. Our results point to P. andruzzii being the only species described, apart from placental mammals, that lacks the highly evolutionary conserved photoreactivation function. We predict that in the DNA repair systems of P. andruzzii, we may be witnessing the first stages in a process that previously occurred in the ancestors of placental mammals during the Mesozoic era.
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In Brief
Zhao et al. explore how sunlight has shaped the mechanisms that protect our DNA from UV damage. Evolving for millions of years in darkness, the Somalian blind cavefish has lost the capacity to harness light for repairing DNA. Curiously, this loss resembles the situation of placental mammals, the only group previously known to lack this capacity.
INTRODUCTION
DNA stability is of utmost importance for the maintenance of normal cellular function. However, it is subject to sustained assault from the environment. Ultraviolet (UV) radiation from sun-light is the most common and powerful factor that can induce mutagenic and cytotoxic lesions in DNA, such as cyclobutanepyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs), and their Dewar valence isomers [1] [2] [3] . Such damage must be rapidly removed to ensure complete and accurate DNA replication and transcription, so organisms have developed a battery of DNA-repair mechanisms [4] .
Photoreactivation serves as one of the most important and ubiquitous DNA-repair systems, enzymatically repairing UV-induced DNA lesions using the energy from violet/blue light [5] [6] [7] [8] . This light-dependent reaction is catalyzed by photolyases. These represent a highly conserved class of flavoproteins where the flavin adenine dinucleotide (FAD) molecule serves as a key light-harvesting cofactor, together with a second antenna chromophore that differs between photolyases and species [2, 6] . Photolyases are subdivided into CPDs and 6-4 photolyases based on their different substrates (CPDs and 6-4PPs, respectively) [6] , while cryptochrome-DASH selectively repairs CPDs in single-stranded DNA and RNA [9] [10] [11] . Nucleotide excision repair (NER) and base excision repair (BER) are other major DNA repair mechanisms found in nearly all organisms. NER removes a wide variety of DNA-distorting lesions, including UVinduced CPDs and 6-4PPs [4, 12, 13] , while BER represents the predominant pathway repairing lesions arising from ionizing radiation and reactive oxygen species (ROSs) generated by metabolism or by UV radiation [14] [15] [16] [17] [18] . These excision repair pathways remove DNA lesions by a sequential, multistep process ranging from damage recognition to DNA resynthesis and ligation [13, 15, 19] . Lesion recognition, in the case of NER, is performed by a complex incorporating XPC and DDB2 (p48), while the DNA glycosylase Neil1 initiates this first step in BER. Interestingly, expression of XPC and Neil1 has been reported to be transcriptionally regulated by UV radiation in mammals [20] . Furthermore, visible light exposure upregulates photolyase expression in non-mammalian vertebrates [21, 22] . Thus, specific transcriptional activation of key DNA-repair genes appears to represent part of a strategy whereby DNA repair activity is enhanced in response to sunlight to counter the detrimental effects of UV-induced DNA damage. However, the mechanisms whereby sunlight regulates the expression of DNA repair genes remain poorly understood.
One key, unanswered question concerns how the environment influences the evolution of DNA-repair systems. For example, photolyases are phylogenetically ancient enzymes that are present in animals, plants, unicellular organisms, and even bacteria. However, curiously, humans and other placental mammals lack photolyases and photoreactivation, relying instead on the more complex and less efficient NER mechanism [23] . Might a particular set of environmental conditions, experienced during the early evolution of placental mammals, have led to the eventual loss of photoreactivation?
In this manuscript, we aim to investigate how sunlight affects the evolution of DNA repair systems. Specifically, we address the consequence of evolution under extreme aphotic conditions for DNA repair in the Somalian blind cavefish Phreatichthys andruzzii. This species has evolved in the complete absence of light and UV-induced DNA damage for millions of years [24] and so represents a powerful model for exploring the influence of sunlight on DNA repair function over an evolutionary timescale. Cave-dwelling organisms share a set of striking phenotypes-so-called ''troglomorphisms,'' including notably complete loss of the eyes and body pigmentation. In certain cases, alterations in DNA repair function have also been reported [25] [26] [27] . For example, enhanced DNA repair has been encountered in blind cave forms of Astyanax mexicanus [25] . Our chosen cavefish model, P. andruzzii, shows a more extreme troglomorphic phenotype than A. mexicanus, even to the extent of lacking photic regulation of the circadian clock [28, 29] . In order to study DNA repair function in this species, we compare it with a more genetically accessible epigean sighted species: the zebrafish, Danio rerio. The zebrafish contains nearly all the genes involved in DNA repair pathways in eukaryotes, including the photolyases, and so represents an ideal model for gaining mechanistic insight into DNA repair systems [30] .
Using this comparative approach, we find that P. andruzzii represents the only species described, apart from placental mammals, that lacks the highly evolutionary conserved photoreactivation function. The loss of photoreactivation is associated with mutations in photolyase genes, as well as impaired light-, UV-, and ROS-induced transcription of DNA-repair genes resulting from loss of D-box enhancer element function.
RESULTS

Loss of Light-Driven DNA Repair in Somalian Cavefish
Following UV irradiation, exposure to a light/dark (LD) cycle enhances survival of zebrafish embryos [31] . Is this property conserved during evolution for millions of years in the complete absence of sunlight? P. andruzzii (PA) and zebrafish (ZF) embryos raised in complete darkness until 3 days post fertilization (dpf) were exposed to different doses of UV-C radiation ranging from 53 to 424 J/m 2 . Embryo mortality was then assessed daily under either LD cycle or constant darkness (DD) conditions ( Figure 1A ). Under both conditions, we observed a UV-dose-dependent increase in mortality in the embryos of each species (Figures 1B-1E and S1A). However, a generally lower cavefish embryo survival compared with the zebrafish indicates species-specific differences in sensitivity to UV damage. Importantly, consistent with previous findings [31] , zebrafish embryos exposed to a LD cycle exhibited a significantly lower mortality compared with the DD group following UV exposure (Figures 1B-1E and S1A and Table S1 ). In contrast, the presence of a LD cycle did not significantly enhance cavefish survival (Figures 1B-1E and S1A and and Table S1 ). These results point to a loss of the protecting effect of LD cycles in P. andruzzii.
As a first step toward exploring this loss of the protective effect of visible light in P. andruzzii, we next tested whether the same phenomenon exists at the cell culture level. P. andruzzii cell lines, derived from embryos (EPA) [32] and adult fin clips (CF1) [28] , as well as zebrafish embryo-derived (PAC-2) [33] and adult finderived (AB9) [34] cell lines, were irradiated with a range of UV-C doses and subsequently exposed to either LD or DD conditions. Cell viability was then assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay ( Figures 1F-1J ). Consistent with our in vivo experiments, cell survival was significantly enhanced by the presence of LD cycles in zebrafish cells, but not in cavefish cells (Figures 1F-1J and  Table S1 ). We have previously reported that exposure of zebrafish cells to LD cycles results in entrainment of the endogenous circadian clock [35] . However, zebrafish cell survival was also enhanced under constant light (LL) following UV radiation (Figures S1B-S1F and Table S1), arguing against clock entrainment being responsible for the protective effect of light.
Then, to address whether the loss of the protective effect of light in this cavefish reflects abnormalities in DNA repair, we assayed DNA repair in cavefish and zebrafish cells under light (LL or LD) or dark (DD) conditions following UV exposure. We chose to specifically test the effects of blue light exposure, given its documented importance in DNA repair system function [36] (Figures 2 and S2 ). We first tested the formation of DNA strand breaks, which are generated during NER-and BER-based DNA repair, by measuring Histone H2AX phosphorylation at Ser 139 (g-H2AX) [37] [38] [39] [40] . Consistent with our cell viability assay results, UV-induced H2AX phosphorylation was significantly reduced upon exposure to light (LD or LL) in zebrafish cells, but not in P. andruzzii cells ( Figures 2B, 2C , and S2B-S2D and Table S1). We then performed a singlecell electrophoresis assay, the comet assay, which also detects the presence of DNA strand breaks [41, 42] . Control zebrafish cells kept under blue light showed significantly lower levels of fragmented DNA following UV treatment than cells maintained in darkness ( Figures 2D, S2E , and S2F). In contrast, in cavefish cells, the levels of fragmented DNA were again comparable under LD and DD lighting conditions (Figures 2E, S2G, and S2H).
Since CPD photoproducts account for more than 75% of UV-induced DNA lesions in the genome [1, 43] , we then used an ELISA assay to directly assay the levels of UV-induced CPD photoproducts in the zebrafish (ZF-CPD) and cavefish (PA-CPD) cell lines during exposure to 9 hr of blue light or darkness. Our results showed that the levels of CPDs in zebrafish were significantly reduced upon illumination, while no significant difference between the illuminated and dark groups was observed in the case of cavefish ( Figures 2F and 2G ). Together, these results are consistent with light exposure enhancing the repair of UV-induced photoproducts by photoreactivation, therefore reducing excision repair activity in zebrafish. In contrast, during evolution in the absence of sunlight, P. andruzzii lost the capacity to harness light for enhancing DNA repair. and subsequently transferred to light (LD) cycles or constant darkness (DD). Survival rates (%) during the following 5 days are plotted against time (dpt, days post treatment). For untreated controls, see Figure S1 . Statistical analysis (log rank [Mantel-Cox] and Gehan-Breslow-Wilcoxon tests) and the number of animals analyzed are reported in Table S1 . (F) Experimental design for data presented in panels (G)-(J). (G-J) 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell viability assay in (G and H) ZF and (I and J) PA cell lines after UV irradiation and subsequently exposure for 48 hr to DD or LD cycles. UV-C doses are plotted on the x axes, while cell viability (%) ± SEM (n = 4) with respect to untreated cells is plotted on the y axes. Each experiment was repeated independently three times. Two-way ANOVA followed by Sidak's multiple comparisons test results are reported in Table S1 . Significant differences are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05; NS, no significance). See also Figure S1 .
Loss-of-Function Mutations in Cavefish Photolyase Genes
We next explored the molecular basis of this loss of light-responsive DNA repair function. Photolyases are central to the ability of light to enhance DNA repair [5] [6] [7] [8] . Does P. andruzzii retain normal photolyase function? We cloned and sequenced the cavefish photolyase genes in order to search for loss-of-function mutations. Based on RNA sequencing (RNAseq) and RT-PCR using RNA extracted from a range of cavefish tissues and cells and consistent with other published teleost genome sequences [44] , we identified three different photolyase genes in P. andruzzii (pa 6-4phr, pa DASHphr, and pa CPDphr) ( Figure 3A and Table  S2 ). In the case of the pa 6-4phr gene, we identified one cDNA encoding a fulllength form (pa 6-4phr), sharing high homology (88.8%) with the zebrafish ortholog, and two additional cDNAs encoding C-terminally truncated proteins (pa 6-4phr-MT1 and pa 6-4phr-MT2) ( Figures 3A and S3A ). Given that apart from these mutations, the nucleotide sequences of the three pa 6-4phr cDNAs were identical, and the fact that our original RNA samples were derived from pools of individuals, this points to the existence of multiple pa 6-4phr gene alleles in the P. andruzzii population. In the case of the pa DASHphr gene, only two cDNAs encoding C-terminally truncated proteins lacking a major portion of the FAD binding domain were identified, both resulting from aberrant mRNA splicing ( Figures 3A and S3B ). Interestingly, in contrast to the situation observed for these two cavefish photolyase genes, we only encountered cDNAs encoding a single form of P. andruzzii CPD photolyase (pa CPDphr) with all predicted functional domains intact and bearing high homology (84.5%) with the zebrafish ortholog ( Figure 3A and Table S2 ).
Figure 2. Effect of Blue Light on DNA Repair
(A) Experimental design: cells were maintained in darkness for 48 hr and then exposed to a 40 J/m 2 UV-C pulse followed by DD or blue light prior to harvesting. (B and C) Immunofluorescence analysis of g-H2AX in (B) ZF and (C) PA. On the y axes is fluorescence intensity (n = 200) ± SEM, while times after irradiation are indicated on the x axes. Representative images of stained cells are presented below, where nuclei are blue (DAPI) and g-H2AX is red. (D and E) Comet assay results from (D) ZF and (E) PA cells. Times after UV treatment are plotted on the x axes. On the y axes are indicated the levels of DNA strand breaks (n = 300) ± SEM expressed as mean Olive tail moment. (F and G) Representative ELISA assay results of UVinduced CPD levels in (F) ZF and (G) PA cell lines exposed to a 20 J/m 2 UV-C pulse and then maintained in DD or blue light. CPD abundance (%) ± SEM (n = 3) is indicated on the y axes, while times after treatment are plotted on the x axes. Each experiment was repeated independently three times. For each panel, two-way ANOVA followed by Sidak's multiple comparisons test results are reported in Table S1 . Significant differences are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05; NS, no significance). See also Figure S2 .
Since the integrity of the C terminus in the closely related cryptochrome proteins is critical for nuclear localization [45, 46] , we tested the subcellular localization of our C-terminally truncated P. andruzzii photolyase proteins. N-terminally Myc-tagged versions of all the photolyase proteins were ectopically expressed in zebrafish or P. andruzzii cells. Immunofluorescence staining revealed that full-length pa 6-4phr, as well as the zebrafish zf 6-4phr and zf DASHphr proteins, exhibited nuclear localization. In contrast, all the truncated cavefish photolyases were predominantly cytoplasmic (Figures 3B and 3C). A bioinformatics search for candidate nuclear localization signal (NLS) sequences [47] revealed that two putative NLS sequences (KKNILRMKAAYAKRSPEDKTINK GEKRKASPSIKEMFQKKAKR) and GPSSSK GRKGSSYTARQHKDR) present in the C-terminal portion of the zf 6-4phr and zf DASHphr proteins, respectively, were deleted in the truncated cavefish pa 6-4phr and pa DASHphr orthologs. Thus, the mutant cavefish photolyases, which lack a significant portion of their light-harvesting FAD binding domains, are restricted to the cytoplasmic compartment and so are unlikely to contribute directly to nuclear photoreactivation function.
Interestingly, pa CPDphr, like its zebrafish ortholog, contains a predicted NLS sequence (PDSAGGKQPKLTGGKGRESGWLL KEVTKLRKAA) at the N terminus of the protein and is localized predominantly in the nucleus ( Figures 3B and 3C ). However, to Figure S3 and Table S2 ). test whether the cavefish CPD photolyase is able to catalyze the photoreactivation of CPD photoproducts, we performed an in vitro DNA repair assay. The cavefish and zebrafish CPD photolyase proteins were expressed in bacteria, purified by Ni affinity chromatography, and then incubated with synthetic DNA incorporating CPD photoproducts during 10 min of blue-light illumina- In each panel, relative mRNA expression levels are plotted on the y axes as means ± SEM (n = 3) and times (h) are plotted on the x axes. Two-way ANOVA followed by Sidak's multiple comparisons test results are reported in Table S1. Significant differences between peak points of expression and the control untreated (DD) samples are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05). See also Figure S4 for the light spectrum.
tion. High-performance lipid chromatography (HPLC) analysis showed that 10 mM and 1 mM P. andruzzii CPD photolyase repairs CPD photo-lesions efficiently (100% and 12.15%, respectively) in an equivalent manner to the zebrafish protein ( Figures 3D and 3E ).
Loss of Light-Inducible DNA-Repair Gene Expression in Cavefish
We have revealed that a subset of cavefish photolyases has lost its nuclear function as a result of coding sequence mutations. However, CPD photolyase, which makes a major contribution to photoreactivation function [1, 43] , exhibits normal enzymatic activity and nuclear localization in cavefish. These findings contrast with the observed loss of photoreactivation function in this cavefish species. Many genes implicated in DNA repair, including the photolyase genes, have been shown in zebrafish to be transcriptionally activated by visible light. Without this light-dependent induction, animals appear to have reduced tolerance of environmental stress and increased mortality [31] . We therefore reasoned that the loss of light-enhanced DNA repair in P. andruzzii might involve abnormalities in the light-inducible expression of DNA repair genes. qRT-PCR analysis of DNA repair gene expression in PAC-2 and EPA cell lines upon exposure to blue light reveals a reduction (xpc) or complete absence (all photolyase genes and neil1) of lightinducible gene expression in cavefish cells compared to the robust induction of all genes observed in zebrafish cells (Figures  4A-4E and Table S1 ; see also Figure S4 for the blue light spectrum). It has previously been reported that pre-exposure to UV light enhances resistance to subsequent UV-induced DNA damage [48, 49] . We therefore wondered whether the exposure to UV radiation, as well as generating DNA damage, might also influence the expression of DNA repair-associated genes. qRT-PCR analysis of DNA-repair gene expression in zebrafish and P. andruzzii cell lines following acute exposure to a UV pulse revealed that all zebrafish genes were strongly induced (Figures 4F-4J and  Table S1 ; see also Figure S4 for the UV spectrum). Interestingly, UV-induced gene expression in zebrafish showed a significantly prolonged induction compared to the response trigged by blue light (peaks at circa 36 hr and 6 hr, respectively). In contrast, in the case of cavefish DNA-repair genes, we observed an absence (DASHphr and xpc) or a significant reduction (6-4phr and neil1) in the amplitude of UV-induced expression ( Figures 4F-4J and Table S1 ). For CPDphr, although the amplitude of UV-induced expression was comparable to that in zebrafish, the basal levels of expression were considerably reduced. Thus, our results point to a general impairment of the DNA-repair gene expression response to both visible light and UV in P. andruzzii.
Loss of D-Box-Regulated Transcription in P. andruzzii
To explore the origin of the loss of visible and UV light-induced expression of cavefish DNA-repair genes, we cloned 4029 bp and 894 bp promoter regions for the zebrafish 6-4 and CPD photolyase genes, respectively, into a luciferase reporter vector. Transient transfection of both reporter constructs into zebrafish PAC-2 cells followed by exposure to alternating periods of light and darkness revealed a light-driven induction of bioluminescence in zebrafish cells, but not in P. andruzzii cells ( Figures 5A  and 5B ). To pinpoint precisely the light-responsive region of the zf 6-4phr promoter, we prepared a series of overlapping promoter deletion and subdeletion constructs ( Figure 5C ), which were tested for light-induced expression in PAC-2 cells. We identified a promoter region (termed SURE for ''sunlight responsive'' region) that is sufficient to confer light-inducible reporter gene expression. This region contains two palindromic D-boxes, two E-boxes and one AP1/CREB binding site ( Figures 5C-5E , 6A, and S5).
Systematic deletion of each individual element in the SURE region within the context of zf 6-4 photolyase SURE-Luc ( Figure 6A ) revealed that the presence of the two palindromic D-box elements is crucial for the photic regulation of the zebrafish 6-4phr gene ( Figures 6A-6C and S5M-S5U). Specifically, deletion of the two E-boxes together with the AP1/CREB binding site did not significantly affect the kinetics of light-driven, SURE-regulated expression. On the contrary, deletion of both D-boxes resulted in a classical circadian clock-regulated pattern of expression, with an induction in bioluminescence occurring prior to the light onset. This clock-regulated behavior correlates with the presence of the E-box elements in the D-box-mutated SURE constructs (see also Figures S5M-S5U) . The importance of the D-box enhancer element in shaping zf 6-4phr expression was confirmed by the lack of light inducibility and reduced basal levels of expression from the full-length promoter containing mutations in both D-box elements (zf 6-4 photolyase (D-box mut)-Luc) ( Figure S5V, orange trace) .
Transfection of the SURE mutant 8 reporter construct, retaining only the D-box enhancers (renamed as D-box 6-4phr -Luc), into cavefish EPA cells showed no light responsiveness compared with the robust light-driven pattern observed in zebrafish cells ( Figure 6D ). Considering the complete conservation of D-box enhancer sequences between the zebrafish and P. andruzzii 6-4phr promoters ( Figure 6F ), these results indicate that the absence of light-induced photolyase gene expression in cavefish is due to a loss of function of the light-regulated mechanisms that control transcription via D-box enhancers.
Expression of the 6-4phr gene is induced in zebrafish by UV light, and this response is impaired in P. andruzzii (Figure 4) . Therefore, to address whether the D-box enhancer may also represent a nuclear target for UV, we studied the expression of the D-box 6-4phr -Luc reporter in zebrafish PAC-2 and cavefish EPA cells following UV exposure. In zebrafish cells, UV treatment induced bioluminescence with similar kinetics to those of the endogenous gene, revealing that the palindromic D-box elements in the SURE region are also sufficient for directing UVinduced expression ( Figure 6E ). Furthermore, similar to the pattern observed for endogenous gene expression ( Figure 4F ) in transfected EPA cells, UV-C treatment failed to activate expression of the D-box 6-4phr -Luc reporter ( Figure 6E) . These results reveal that the D-box serves as the convergence point for the mechanisms mediating visible and UV light-induced gene expression and that this integrating function is absent in P. andruzzii.
Given the central role played by the D-box in the regulation and evolution of 6-4phr gene function, we searched the promoter sequences of other light-induced DNA-repair genes for this enhancer element in zebrafish, as well as a broad range of fish genome sequences (Oryzias latipes, Astyanax mexicanus, Poecilia Formosa, etc.; see Table S3 ). Our analysis revealed that the 5 0 -TTTTGTAAC-3 0 D-box enhancer element is present in many other DNA-repair genes (CPD and DASH photolyase, as well as ddb2, xpc, and neil1), in close proximity to their transcription start sites, and canonical E-box elements (5 0 -CACGTG-3 0 ) ( Figure 6G and Table S3 ). While the E-boxes potentially represent binding sites for the core circadian clock factors CLOCK and BMAL, robust circadian rhythms of photolyase gene expression were not observed following transfer of zebrafish cells from LD to DD conditions ( Figures S6A-S6C ). Furthermore, cells transfected with the wild-type 6-4phr gene promoter reporter construct showed an immediate attenuation of rhythmicity following transfer from LD to DD ( Figure S6D Figure S5 for the complete promoter analysis. rhythmicity either in LD or DD ( Figure S6D , orange trace). Together, these results point to the D-box, rather than the E-box, playing a highly conserved, coordinating role in the DNA repair response.
What is the origin of this loss of light-and UV-regulated D-box enhancer function in P. andruzzii? UV and light exposure both increase intracellular ROS [32, [50] [51] [52] . We have recently reported that elevated levels of ROS are crucial for light-induced clock gene expression via the D-box [32] . Consistent with ROS also serving as a key coordinating signal for photolyase genes, pretreatment of zebrafish cells with N-acetylcysteine (NAC), a general ROS scavenger, efficiently blocked UV-induced, as well as blue-light-induced, photolyase gene expression ( Figures  7A-7C ). Furthermore, the expression of photolyase genes and the 6-4 photolyase D-box reporter are all induced by ROS (300 mM H 2 O 2 ) in zebrafish cells ( Figures 7D-7G) . In contrast, ROS treatment failed to significantly induce photolyase or D-box reporter expression in EPA cells ( Figures 7D-7G ), pointing to loss of function in ROS-dependent signaling pathways in P. andruzzii. The MAP kinase (MAPK) signaling pathway plays a key role in bridging oxidative stress and DNA damage with a range of cellular responses [53, 54] . By western blot analysis using phospho-specific MAPK antibodies, we revealed a significant attenuation of the levels of phosphorylated (activated) forms of ERK, JNK, and p38 in cavefish cells following UV exposure compared with the robust induction observed in zebrafish cells ( Figures 7H-7J and S7) . Thus, our data reveal fundamental differences in the signaling pathways triggered by UV exposure between cavefish and zebrafish.
DISCUSSION
Here, by comparing the blind cavefish, P. andruzzii, with the zebrafish, we have explored how sunlight shapes the evolution of DNA repair systems. We have revealed that both the integrity of photolyase genes, as well as transcriptional control mechanisms regulating the expression of DNA-repair genes in response to sunlight, have been targeted by evolutionary mechanisms operating under extreme aphotic conditions.
Loss of Photolyase Function in P. andruzzii
We have revealed the presence of mutations in the 6-4 and DASH photolyase gene coding sequences, which result in C-terminally truncated, cytoplasmic proteins unable to perform DNA repair. However, the contribution of these mutations to the observed lack of photoreactivation is unclear given the gen-eral loss of sunlight-induced photolyase transcription in cavefish cells.
Curiously, despite the absence of photoreactivation DNA repair, the pa CPDphr coding sequence carries no apparent loss-of-function mutations. This may reflect the persistence of an additional, photoreactivation-independent function for this photolyase gene in P. andruzzii that continues to confer a selective advantage during evolution in DD. Indeed, CPD photolyase has been reported to bind to sites of DNA damage in the absence of light and subsequently recruit DNA repair proteins [8, 55] . Another possible function of CPD photolyase relates to its similarity with the cryptochrome proteins [6, 56] . The cryptochrome/ photolyase flavoprotein family share a ''core'' domain that contains the binding sites for FAD and a second antenna chromophore cofactor. This domain has been conserved during evolution from an ancestral CPD photolyase gene but with diversification of the N-terminal and C-terminal portions of the protein [57] . In the case of the cryptochrome proteins, an extended C-terminal portion confers additional functional diversity and is associated with loss of photoreactivation function. While cryptochromes serve as blue-light photoreceptors in plants and Drosophila, in vertebrates, they act as negative elements within the core circadian clock mechanism [58, 59] . Recent studies have shown that CPD photolyase, when ectopically expressed in mammalian cells, can interact directly with the CLOCK protein to reduce CLOCK/BMAL-dependent transactivation and thereby, like the cryptochromes, serve as a clock component [60] . This indicates that the highly conserved cryptochrome/photolyase core domain also directly contributes to circadian clock function. Interestingly, changes in CPD photolyase expression in cavefish are encountered together with abnormalities in the circadian clock. Thus, in cave forms of A. mexicanus where CPD photolyase expression is upregulated, many light-regulated clock genes show constitutively elevated expression, reminiscent of the clock's response to constant light exposure [25] . In contrast, in P. andruzzii, which exhibits a loss of the sunlightdependent transcriptional control mechanisms for CPD photolyase, the circadian clock lacks photic entrainment [28] .
An alternative explanation for the retention of CPD photolyase function in cavefish may relate to the length of time that evolution has occurred in the dark cave environment. In support of this interpretation, recent microsatellite polymorphism analysis has suggested that surface and cave populations of Astyanax that may have diverged less than 20,000 years ago [61] carry no mutations in the photolyase coding sequences ( [25] and AstMex102 database in ENSEMBL vs92). In contrast, geological evidence Figure S5 ). (D and E) Bioluminescence results from PAC-2 (blue) and EPA (orange) cells transfected with the zf 6-4 photolyase SURE-Luc mutant 8 (renamed D-box 6-4phr -Luc) reporter construct. This construct is represented graphically above the panels. After transfection, cells were exposed either (D) to alternating periods of light and dark or (E) to DD following a short pulse of UV-C (black arrow, 20 J/m 2 ). (B-E) Mean bioluminescence (n = 8) ± SEM is expressed as counts per second (cps) and is plotted against time (hr). (F) Sequence alignment of the ZF and PA D-box enhancer element sequences within the 6-4phr SURE and CPDphr promoter region. (G) Schematic representation of the D-box and E-box elements present in the promoters of DNA-repair genes in the ZF (Danio rerio). These elements are conserved in a broad range of fish species (see Table S3 for accession numbers). See also Figure S6 . suggests that P. andruzzii has been completely isolated from sunlit surface water for at least 3 million years [24, 29] , with the elimination of any remaining surface populations by desertification [62, 63] . In this hypogean species, mutations have already affected the 6-4 and DASH photolyases, and over a sufficient evolutionary timescale, all the photolyase genes might eventually suffer loss of function or even be lost as in the case of placental mammals.
Flexibility in D-Box Enhancer Function during Vertebrate Evolution
In P. andruzzii, we show that the lack of photoreactivation originates primarily from a loss of D-box enhancer function. We have identified the D-box in zebrafish as being a central player in coordinating the transcriptional response to visible light, UV, and ROS [32, 64, 65] . By upregulating the expression of key elements involved in photoreactivation and NER and BER DNA repair, this promoter element specifically enhances the capacity of cells to resolve DNA damage generated by exposure to these cellular stressors. The D-box elements identified in the light responsive DNA repair genes reported here are highly conserved in nearly all published fish genome sequences. Interestingly, circadian E-box enhancer elements are frequently encountered in close proximity to the D-boxes, although our data do not support a strong functional link between the circadian clock and DNArepair gene transcriptional regulation. Interaction between a D-box and E-box enhancer is crucial for light-induced expression of the period 2 clock gene [64] , but the D-box sequence in the period 2 promoter differs slightly from those identified here in the DNA-repair gene promoters. Together, our results point to specific regulatory properties of these 5 0 -TTTTGTAAC À3 0 D-box elements being linked with DNA repair function. A family of six bZip/PAR factors, as well as six E4BP4-related transcription factors, can bind to D-box enhancer elements in homo-and heterodimeric combinations [66] . Differences in the consensus D-box sequence may therefore lead to differential binding of factors eliciting different transcriptional responses. Interestingly, previous evidence points to considerable plasticity in D-box function over the course of vertebrate evolution. While in fish, the D-box serves as a light input pathway component for the entrainment of the circadian clock, in mammals, the D-box is strictly clock regulated and acts within clock output pathways [67] . Furthermore, in mammals, the D-box is neither light nor ROS inducible and is targeted by a smaller family of three bZip/PAR and one E4BP4 factors [32, 68, 69] . Finally, D-box enhancer sequences are not encountered in the promoters of the mammalian DNA-repair gene orthologs such as neil1, xpc, and ddb2. Taken together, our results point to the occurrence of major changes in D-box enhancer function during vertebrate evolution.
Evolution of DNA Repair Systems in Extreme Aphotic Environments
Does the absence of UV damage and visible light represent the only feature in the cave environment influencing the evolution of DNA repair systems? Alternatively, do additional genotoxic stressors exist, specific to these subterranean aquatic environments? Elevated levels of CPD photolyase and ddb2 expression in blind cave forms of A. mexicanus have been speculated to provide a selective advantage in repairing different types of DNA damage experienced in the cave environment [25] . For example, life in the hypoxic and slightly acidic water locked inside these cave systems may lead to an increase of intracellular oxidative stress [70] . This may be exacerbated in certain caves (e.g., Cueva Chica and El Pachó n) that serve as roosting sites for large numbers of bats that bring organic materials (guano and dead bodies) into the water on a daily basis [25, 70] . Interestingly, an enhancement of DNA repair capacity has also been identified in the blind mole rat, Spalax carmeli, linked with its hypoxia tolerance [26] . An additional feature of certain cave systems that might cause elevated DNA damage is the natural radioactive gas, radon 222 Rn, which is released from certain rocks and concentrated in caves [71] . This source of radioactivity has been linked with an increase in the rate of deletion of satellite DNA sequences at the whole-genome level in Dolichopoda cave crickets [72] .
Photoreactivation is a highly conserved DNA repair mechanism encountered in most animal, plant, and unicellular species, with the curious and unique exception of placental mammals [73] . Based on the results of this study, we can now add the blind cavefish P. andruzzii to this small group of exceptions. Why placental mammals lost this DNA repair function remains a mystery. Taking into account palaeontological data, one theory that has been proposed is termed the ''nocturnal bottleneck'' [74, 75] . This predicts that the ancestors of modern mammals that lived during the dinosaurs' domination of the Earth avoided predation by becoming exclusively nocturnal [74, 76] . It is predicted that adaptation to this ecological niche may explain many features of present-day mammals. These include a general loss of extraretinal photoreception, as well as adaptations in the eye and retina to facilitate vision under low-lighting conditions [74, 76] . Interestingly, adaptation to a nocturnal life style is also predicted to have entailed a general loss of UV protection mechanisms. These include changes in lens composition, resulting in a more efficient penetration of UV light to the retina, as well as the loss of photolyase genes and photoreactivation function [74, 77] . However, the mammalian ancestors retained NER systems in order to repair the limited UV-induced DNA damage they experienced in their nocturnal environment. Following the extinction of dinosaurs, mammals subsequently diversified and occupied new surface habitats but still carried relics of their followed by Sidak's multiple comparisons test results are reported in Table S1. Significant differences between peak points of expression and the control untreated samples are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05). (G) Real-time bioluminescence assays from ZF PAC-2 (blue) and cavefish EPA (orange) cells transfected with the 6-4 photolyase D-box reporter represented above the panel and treated in DD with 300 mM H 2 O 2 at the time point indicated by the blue arrow. (H-J) Western blot quantification of (H) P-JNK, (I) P-ERK, and (J) P-p38 levels in zebrafish PAC-2 and cavefish EPA cells during a 60 hr period in DD following exposure to a short UV-C pulse (20 J/m 2 ). Fold induction ± SEM (n = 3) is plotted on the y axis and time (hr) on the x axis. Two-way ANOVA followed by Sidak's multiple comparisons test results are reported in Table S1. Significant differences between peak points of expression and the control samples are indicated by asterisks (***p < 0.001, **p < 0.01, *p < 0.05). Original western blots are presented in Figure S7 . dark-adapted past existence. It is tempting to speculate that in the DNA repair systems of the blind cavefish, P. andruzzii, we may be witnessing the first stages in a process that previously occurred in the ancestors of placental mammals during the Mesozoic era.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
METHOD DETAILS
Cell Viability Assay A colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma Aldrich) assay was performed to detect cell viability as previously described [81] . Specifically, zebrafish or cavefish cells were plated as 3 3 10 4 cells/well in 96-well plates. After treatment, cells were washed with PBS and incubated with 0.5 mg/mL MTT in L-15 medium at 26 C for 3 hours. Subsequently, the medium was removed and DMSO was used to dissolve crystals. After 5 min incubation at room temperature the cell mortality was assessed with an ELX 808 Ultra microplate reader (BioTek), using a test wavelength of 590 nm and a reference wavelength of 630 nm.
''Comet Assay'': the single cell gel electrophoresis assay The ''Comet Assay'' was performed as previously described [41, 42] with some modifications. Specifically, zebrafish and cavefish cells were embedded in 0.7% low-melting agarose on microscope slides and lysed in a slide chamber containing alkaline lysis buffer (2.5 M NaCl, 100 mM EDTA, 1% Triton X-100, 10% DMSO; pH = 10) at 4 C overnight. Subsequently, slides were transferred to the electrophoresis chamber (Bio-Rad), filled with ice-cold buffer (300 mM NaOH, 1mM EDTA). Electrophoresis was conducted at 25 V and 0.3 A for 20 min. Finally, slides were neutralized in Tris-buffer (400 mM Tris; pH = 7.5) for 2 min, stained with 60 mL of 20 mM ethidium bromide (EtBr) and then imaged using an epifluorescence microscope (340-fold magnification) (Zeiss Axiostar) equipped with a green light excitation filter of 518 nm. Images were analyzed by using the Olive Tail Moment system [82] .
